The effect of the boron oxide (B 2 O 3 )/carbon arrangement of the precursor on the low-temperature synthesis of boron carbide (B 4 C) powder was investigated in this study. The precursor was prepared by low-temperature heat treatment without thermal decomposition and subsequent pyrolysis in air of the condensed product formed from poly(vinyl alcohol) (PVA) and boric acid. The dispersion state of B 2 O 3 particles in the carbon matrix of the precursor significantly affected the acceleration of the synthesis reaction. Crystalline B 4 C powder with little free carbon was obtained by heat treatment at 1100°C, which was also the critical formation temperature, for 20 h in an Ar flow starting from a precursor with a B 2 O 3 /carbon structure homogeneously arranged at the nanometer scale.
Introduction
Boron carbide (B 4 C) is an important nonoxide ceramic with not only attractive properties (low specific weight, excellent hardness, and high chemical stability) but also superior functions (high thermal neutron absorption cross section and excellent high-temperature thermoelectric properties).
1) The general manufacturing process of B 4 C is the carbothermal reduction of boron oxide (B 2 O 3 ), for which the overall reaction is
Unfortunately, this process requires a high synthesis temperature of approximately 2000°C, at which the volatilization loss of B 2 O 3 is greater. Therefore, the development of a low-temperature synthetic route is required to achieve low-cost manufacturing. The carbothermal reduction from an organic precursor with borate ester (BOC) bonds, which consists of a polyol [e.g., citric acid, 2),3) glycerin, 4) or poly(vinyl alcohol) (PVA) 5) ] and boric acid (H 3 BO 3 ), is attractive as a convenient process for the low-temperature synthesis of B 4 C. 6 ) Sudoh et al. 7) reported that B 4 C microcrystals were synthesized from the precursors composed of saccharides, such as glucose and cellulose, and H 3 BO 3 at a relatively low temperature of 15001600°C for 1 h in an Ar flow. However, residual B 2 O 3 and/or free carbon was contained in the products synthesized at lower temperatures. We carried out the pyrolysis process in air before the carbothermal reduction process in order to remove residual carbon, whereby crystalline B 4 C powder with little free carbon was synthesized at a lower temperature from a poly(vinyl borate) (PVBO) condensed product prepared from PVA and H 3 BO 3 , which was pyrolyzed at 600°C for 2 h in air followed by heat treatment at 1300°C for 5 h in an Ar flow. 8) This pyrolysis process in air, where the "actual precursor" is prepared, induced the removal of unwanted components and the carbonization of PVA. Note that the morphology of the precursor obtained by the pyrolysis of the PVBO condensed product in air has the seaisland structure which is similar to a polymer alloy, i.e., micronsize B 2 O 3 particles dispersed in a carbon matrix. 8) This implies that the characteristic structure of the precursor is derived from the structural development of the polymer. PVA is a typical water-soluble polymer with a hydroxyl group as a side chain and readily forms a BOC bond with H 3 BO 3 by dehydration condensation. Subsequently, the segregation of carbon and B 2 O 3 occurs with a carbonization owing to a decrease in affinity between the organic and inorganic components in the PVBO condensed product. Consequently, the structural development of the polymer matrix of the PVBO condensed product dominates the resultant morphology of the precursor. The synthesis reaction of B 4 C from a condensed product is carbothermal reduction, i.e., the reaction between carbon and B 2 O 3 . Hence, it is expected that the dispersion morphology of carbon and B 2 O 3 in the precursor is very important, but the relationship between the structural arrangement of the precursor and the lowering of the synthesis temperature of B 4 C has not yet been investigated. Therefore, in this study, we considered the effect of the structural arrangement of the precursor on the low-temperature synthesis of B 4 C powder on the basis of polymer-derived structural development.
2. Experimental procedure 2.1 Synthesis of B 4 C powder PVA (PVA-102) was supplied by Kuraray Co., Ltd., Japan, for which the degrees of polymerization and saponification were 230 and 98.5 mol %, respectively. H 3 BO 3 (99.5%) was purchased from Wako Pure Chemical Industries, Ltd., Japan. These materials were used as received. A PVBO condensed product was prepared by the dehydration condensation of PVA and H 3 BO 3 with a PVA (hydroxyl group of PVA):H 3 BO 3 molar ratio of 4.2:1. PVA was dissolved in distilled water (4.7 wt %) by stirring and heating in a water bath at 80°C for 1 h. Then, H 3 BO 3 was dissolved in distilled water (1.6 wt %), and added dropwise to the PVA solution. The blended solution was heated until the water evaporated, which was followed by drying at 120°C in air. The resulting product (PVBO condensed product) was a white solid. Two different heat treatment processes in air were performed to prepare the precursor. The obtained PVBO condensed product was placed in an alumina crucible after grinding with an agate mortar and subjected to either pyrolysis at 600°C for 2 h in air (Precursor-1) or heating at a low temperature of 250°C for 2 h followed by pyrolysis at 600°C for 2 h in air (Precursor-2). For comparison, the precursor used in a previous study 8) was labeled Precursor-0 in this study, for which the concentrations of PVA and H 3 BO 3 in the initial solution were approximately double those in this study and the heat treatment process in air (600°C for 2 h) was the same as that of Precursor-1. The precursor powder was placed in a graphite boat after grinding with an agate mortar and heated at 1050 1300°C for 220 h in an Ar flow (200 ml/min) at a heating rate of 10°C/min.
Measurements
A Rigaku Thermo Plus TG8120 was used for the thermogravimetric/differential thermal analysis (TGDTA) of the PVBO condensed product and PVA. Heating scans were performed up to 600°C in air at a rate of 5°C/min. X-ray diffraction (XRD) measurements were performed using a powder X-ray diffractometer (Rigaku RAD-C) operated at 40 kV and 30 mA with monochromatized Cu K¡ radiation. The 
Results and discussion
The thermal behavior of the PVBO condensed product was first investigated to determine a suitable low-temperature heat treatment temperature for the preparation of Precursor-2. Figure 1 exhibits TG and DTA curves of the PVBO condensed product and PVA. The TG curves [ Fig. 1(a) ] indicated that the decomposition temperature for the PVBO condensed product (380°C) was higher than that for pure PVA (250°C). This improvement of thermostability reflects the formation of BOC bonds by dehydration condensation, which was also confirmed by previous Fourier transform infrared (FT-IR) measurements. 8) Furthermore, there were residual substances above 400°C for the PVBO condensed product, meaning that carbonization was induced by the heat treatment in air. A slight endothrem was observed at 150250°C for the DTA curve of the PVBO condensed product [ Fig. 1(b) ], which is attributed to the melting of the quasi-crystalline phase of PVA containing H 3 BO 3 .
9)11)
On the basis of the TGDTA result, the low-temperature heat treatment of the PVBO condensed product was performed at 250°C in this study because this temperature induces molten state without thermal decomposition.
The precursor obtained by the pyrolysis of the PVBO condensed product in air consists of carbon and B 2 O 3 . The effect of the low-temperature heat treatment on the morphological arrangement of the precursor was estimated by SEM observation. A series of SEM images of Precursor-0, Precursor-1, and Precursor-2 after hot-water washing is shown in Fig. 2 (160 and 130 nm, respectively) . The morphologies of Precursor-1 and Precursor-2 were similar in terms of particle size, but a clear difference was recognized regarding the packing of B 2 O 3 particles, i.e., the B 2 O 3 particle arrangement in Precursor-2 was denser than that in Precursor-1. The difference in the spatial periodicity of the B 2 O 3 particle arrangement was also confirmed by FFT analysis. Such a structural development in terms of both particle size and uniformity has been observed for a diblock copolymer subjected to thermal annealing well above the glass transition temperature. 12) This indicates that the low-temperature heat treatment process in the molten state without thermal decomposition leads to the densely packed B 2 O 3 /carbon arrangement in the precursor powder through the effect of thermal annealing on the polymer matrix. The nanoscale homogeneously arranged morphology of Precursor-2 is similar to that of nanoporous materials prepared from block copolymer precursors, 12),13) which are ideal self-assembled organic materials, meaning that the precise structural formation of the precursor can be achieved by the low-temperature heat treatment. Figure 3 exhibits XRD patterns of the products prepared from Precursor-2 at different heat treatment temperatures of 1050 1300°C for 5 h in an Ar flow. The appearance of peaks corresponding to a rhombohedral B 4 C crystal was recognized at 1100°C and above. Furthermore, no peaks attributed to both amorphous carbon and B 2 O 3 were observed at 1250°C, indicating that crystalline B 4 C powder with less free carbon can be synthesized at 1250°C, which is a significantly lower temperature than that of general B 4 C synthesis using an organic precursor (15001600°C). Changes in the B 4 C peak intensity ratio of the products prepared from Precursor-0, Precursor-1, and Precursor-2 at different heat treatment temperatures of 10501300°C for 5 h in an Ar flow are summarized in Fig. 4 . The values for Precursor-0 were evaluated from XRD patterns obtained in the previous study.
8 ) The formation of B 4 C started at 1100°C for Precursor-1 and Precursor-2, for which the critical formation temperature was lower than that for Precursor-0 (1200°C), indicating that the dispersion size of B 2 O 3 particles is closely related to the lowering of the synthesis temperature of B 4 C. The B 4 C peak intensity ratio increased rapidly with increasing temperature, and B 4 C with less free carbon was obtained at 1250°C for Precursor-2. In contrast, the increase was gentler above 1150°C and residual carbon still remained at 1250°C for Precursor-1. The increasing tendency of the B 4 C peak intensity ratio for Precursor-1 was similar to that for Precursor-2 below 1150°C but merged into that for Precursor-0 above 1150°C. Furthermore, the heat treatment time dependence at 1100 and 1150°C for Precursor-2 was investigated, as shown in Fig. 5 . The time dependence of the B 4 C peak intensity ratio was clearly recognized at these temperatures, and crystalline B 4 C powder with little free carbon was eventually obtained after heat treatment at 1100°C, which was also the critical formation temperature, for 20 h. Note that the temperature at which B 4 C formation started (critical formation temperature) and that at which B 4 C with little free carbon was obtained are exactly the same (1100°C) for Precursor-2. This implies that Precursor-2 exhibits superior reaction homogeneity owing to its homogeneously arranged structure. The B 4 C crystalline powder obtained by heat treatment at 1100°C for 20 h starting from Precursor-2 [ Fig. 6(a) ] consisted of equiaxed grains with a small particle size, which was smaller than those obtained by heat treatment at 1250°C for 5 h [ Fig. 6(b) ] because the grain growth was suppressed under low-temperature synthesis. The B 4 C synthesis reaction mechanism in each precursor can be interpreted as follows. The area of the interface between carbon and B 2 O 3 components for Precursor-1 and Precursor-2 is significantly larger than that for Precursor-0 owing to the dispersion of nanosize B 2 O 3 particles. The decrease in solution viscosity induces the dispersion of both boron and carbon sources at the nanometer scale, thus increasing the area of the interface. Considering that the synthesis reaction of B 4 C is accelerated at the interface in order to facilitate the diffusion of reacting species, the lowering of the synthesis temperature is due to the enlargement of the interface. Therefore, the formation of crystalline B 4 C starts at a much lower temperature (1100°C) for Precursor-1 and Precursor-2. On the other hand, comparing Precursor-1 and Precursor-2, the critical formation temperature is the same (1100°C) but the residual content is less for Precursor-2. This is closely related to the structural homogeneity. Although Precursor-1 contains dispersed nanosize B 2 O 3 particles similarly to Precursor-2, its homogeneity is lower. The B 4 C synthesis reaction only results in the interface at a lower synthesis temperature. Consequently, the synthesis reaction is heterogeneous and the widely spaced carbon and B 2 O 3 components remain as residual carbon and B 2 O 3 in the product obtained from Precursor-1. In contrast, Precursor-2 has a homogeneously dispersed B 2 O 3 /carbon structure, in which most of the area can be identified as an interface with superior reactivity. This indicates that the B 4 C content increases with increasing heat treatment time even if the heat treatment temperature is as low as the critical formation temperature. Therefore, the heat treatment time dependence of the B 4 C content was observed at the critical formation temperature, and crystalline B 4 C powder with little free carbon was obtained by extended heat treatment starting from Precursor-2 with a homogeneously arranged B 2 O 3 /carbon structure.
In summary, the low-temperature synthesis of crystalline B 4 C powder with less free carbon was achieved by the structural optimization of the precursor. Our results demonstrate that three factors related to structural formation must be considered in precursor preparation: i) the removal of unwanted components and the carbonization of PVA (an organic component) by pyrolysis in air, ii) enlarging the interface through the dispersion of B 2 O 3 and carbon (boron and carbon sources) at the nanometer scale, and iii) promoting a homogeneous synthesis reaction by the formation of a homogeneously arranged B 2 O 3 /carbon structure. These factors lead to the lower-temperature synthesis of crystalline B 4 C powder without residual carbon.
Conclusions
In this study, the effect of the B 2 O 3 /carbon arrangement of the precursor on the low-temperature synthesis of B 4 C powder was investigated on the basis of polymer-derived structural development. The precursor was prepared from a PVBO condensed product by low-temperature heat treatment and pyrolysis in air. Precursor-2, which was subjected to low-temperature heat treatment, had a homogeneous dispersion of nanosize B 2 O 3 particles in a carbon matrix, whereas Precursor-1, for which low-temperature heat treatment was not performed, had a heterogeneous dispersion. The lowering of the synthesis temperature was caused by the enlargement of the interface with superior reactivity. Furthermore, the structural homogeneity of the precursor was closely related to the homogeneity of the synthesis reaction at the critical formation temperature. Finally, crystalline B 4 C powder with little free carbon was obtained by extended heat treatment (20 h) at the critical formation temperature (1100°C) starting from Precursor-2 with a B 2 O 3 /carbon structure homogeneously arranged at the nanometer scale. 
